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INTRODUCTION 

P r o p r t i e s  of highly-ionized plasma i n  t h e  pressure range from 10 t o  

100 k i lobars  are being investigated.  

duce t h e  plasma, and measurements have been made of i t s  temperature, pres- 

sure, volume, and i n t e r n a l  energy. Various authors have used t h e  Debye- 

Hcckel shielzing theory t o  ca lcu la te  an equation of s t a t e  f o r  high densi ty  

plasma, 

Techniques have been developed t o  pro- 

However t h e i r  r e s u l t s  do not agree with t h e  measured d a t a .  

The previous s i x  month report  stated t h a t  s ign i f icant  data w a s  being 

accumulated, and t h a t  t h e  t h e o r e t i c a l  analysis  of the  data should lead t o  

a summary report  by t h i s  time. However t h e  analysis  i n  terms of t h e  Debye- 

Hcckel theory contradicted t h e  measurements, and t h e  outlook of the  research 

program w a s  changed s igni f icant ly .  The contradict ion necessitated extensive 

cross-checking of measurements t o  uncover any f l a w s  which might have existed 

i n  t h e  experimental techniques, ye t  the  measurements were found t o  be r e l i -  

able. 

t h e  observed phenomena. 

A s  a r e s u l t ,  t h e  ex is t ing  theory w a s  re jected as inadequate t o  explain 

BACKGROUND 

The dense plasma i s  produced by discharging a capacitor bank between 

electrodes which a r e  submerged i n  water. The atomic const i tuents  of the 

plasma a r e  pr imari ly  oxygen and hydrogen from dissociat,ed water. 

charge path i s  established by a f ine  tungsten wire which i s  s t re tched between 

The d i s -  

1 



the  electrodes.  The tungsten i s  a t h i r d ,  although minor, const i tuent  of t h e  

plasma. Diffusion r a t e s  a r e  slow enough t h a t  e lectrode contamination i s  not 

import ant.  

A pressure of 10 ki lobars  i s  obtained i n  t h e  plasma because of t h e  iner -  

t i a l  r e s t r a i n t  of t h e  water which surrounds t h e  plasma column. 

i s  generated when t h e  expanding column displaces  t h e  water t o  produce a ra- 

d i a l l y  directed shock wave. 

The pressure 

Plasma pressures up t o  100 kilobars a r e  obtained by detonating an ex- 

plosive charge i n  t h e  water near t h e  plasma column. The explosive generates 

a shock wave of 100 ki lobars  of pressure which sweeps across t h e  plasma col-  

umn t o  envelop it i n  t h e  region of high pressure behind the  shock front .  

For both pressure levels ,  measurements are taken of pressure, tempera- 

tu re ,  current,  voltage, and column growth ra te .  Radiative and mechanical 

energy losses  from t h e  plasma are subtracted from t h e  e l e c t r i c a l  energy de- 

l ivered t o  t h e  plasma t o  leave t h e  net i n t e r n a l  energy. Also t h e  i n t e r n a l  

energy i s  computed t h e o r e t i c a l l y  f r o m  temperature, pressure, and volume; and 

t h e  t h e o r e t i c a l  r e s u l t  i s  compared with t h e  experimental finding. 

PROGRESS AND RESULTS 

Measurements taken last  f a l l  were found t o  be inconsistent with t h e  equa- 

t i o n  of s t a t e  based upon the  Debye-HGckel shielding theory. 

t e r n a l  energy of plasma at 7 kilobars w a s  about f i v e  times as l a r g e  as t h e  

t h e o r e t i c a l l y  predicted value. 

much c l o s e r  agreement with experiment than at t h e  lower pressure. 

The measured in- 

However at 100 ki lobars  the  theory w a s  i n  
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Because of t h e  discrepancy, t h e  experimental program w a s  extended and 

modified i n  ways which might expose any f a u l t y  measurements. Both e lec t rode  

design and instrumentation were changed. The r e s u l t  of t h e  extended program 

w a s  t o  improve the  accuracy of the measurements, but not t o  eliminate t h e  

discrepancy which led t o  t h e  extension. 

correct .  

The o r i g i n a l  data were bas i ca l ly  

Tests have been performed a t  d i f f e ren t  r a t e s  of current rise i n  t h e  

plasma column, without t h e  use of chemical explosives. The pressure devel- 

oped w a s  dependent upon t h e  r a t e  of r i s e ,  and varied from 5 t o  10 ki lobars .  

Typical d a t a  are shown i n  Table 1, For t h e  conditions of temperature and 

pressure shown there ,  theory predic t s  an i n t e r n a l  energy of approximately 

4- 10 joules/cm . 3 3 

11 
MEASUREMENTS FOR UNDERWATER SPARK WITH d i / d t  = 10 amp/second 

Time (microseconds) 

Pressure (k i lobars )  

Temperature ( K O )  

I n t e rna l  Energy (joules/cm3 x 10-3) 

0.6 

10.7 

32, OCO 

17.6 

1.0 

11.6 

32, ooo 

12.4 

The plasma at 100 ki lobars  has a temperature of 

lower than t h e  temperature of  t h e  10 k i lobar  plasma. 

dependence of ion iza t ion  on temperature, t h e  100 k i lobar  plasma probably has 

a lower concentration of f r e e  electrons. Further measurements and ca lcu la t ions  

10,OOO°K, which i s  much 

Because of t he  strong 
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a r e  being performed t o  obtain a more accurate descr ip t ion  of t h e  100 k i lobar  

plasma than the  completed measurements provide. 

A possible  reason f o r  t h e  f a i l u r e  of t h e  Debye-Gckel theory i s  t h a t  t h e  

e lec t ron  densi ty  i n  t h e  10 ki lobar  plasma i s  very high. 

sions a r e  rare because of t h e  high density. The e lec t ron  quantum wavelength, 

h/p, i s  approximately equal t o  t h e  i n t e r p a r t i c l e  spacing. The p o s s i b i l i t y  

of c o l l e c t i v e  o s c i l l a t i o n s  among charged p a r t i c l e s  might account for e r r o r s  

i n  t h e  ca lcu la t ion  of i n t e r n a l  energy. 

Simple two body c o l l i -  

If high e lec t ron  densi ty  i s  t h e  explanation f o r  t h e  discrepancy, then 

t h e  100 ki lobar  plasma, with lower electron density,  should be more accurately 

described by theory than t h e  10 kilobar plasma. To t h e  extent t h a t  calcula-  

t i o n s  have been completed at t h i s  time, t h e  100 ki lobar  plasma i s  described 

b e t t e r  by t h e  theory. 

Certain i n s t a b i l i t i e s  have been observed i n  t h e  100 ki lobar  plasma. If 

t h e  100 ki lobar  pressure from t h e  chemical explosive i s  established i n  t h e  

water surrounding t h e  tungsten i n i t i a t i n g  wire before t h e  e l e c t r i c a l  d i s -  

charge i s  begun, t h e  plasma formation i s  very i r regular .  To avoid t h i s  in -  

s t a b i l i t y ,  the  discharge i s  i n i t i a t e d  before t h e  high pressure i s  established. 

A uniform plasma column i s  formed and then i s  swept by t h e  high pressure shock 

wave. 

column s p l i t s  i n t o  two p a r a l l e l  current carrying paths. Before t h e  s p l i t ,  

t h e  column has an e l l i p t i c a l  cross-section because of t h e  compression from 

t h e  shock wave. The s p l i t  i s  such t o  divide t h e  e l l i p s e  along i t s  minor axis.  

The column grows s t a b l y  f o r  about 3/4 of a microsecond, but then t h e  
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Magnetic pinch pressure i s  discounted as a reason for t h e  i n s t a b i l i t i e s  

because i t s  magnitude i s  only a f e w  kilobars as compared with t h e  mechanical 

pressure of 100 kilobars.  

be involved i n  t h e  explanation. 

Rather the conductivity mechanism would seem t o  

FUTURE PLANS 

The immediate plans a re  t o  make fur ther  measurements at 100 ki lobars  i n  

order t o  obtain a more complete s e t  of d a t a ,  and t o  consider t h e  nature of a 

theory t o  replace t h e  Debye-Huckel theory. 

d e t a i l .  The report  w i l l  be used as a doctoral  t h e s i s  f o r  M r .  Robinson as wel l  

as a technica l  report  t o  NASA. 

The work w i l l  then be reported i n  

Now t h a t  equipment i s  available for high pressure plasma studies,  t h e  

present  invest igat ions cam be extended i n  several  ways with a modest expen- 

d i t u r e  of funds. 

s i g n i f i c a n t  r e s u l t s ,  yet  many unanswered questions w i l l  remain. By fur ther  

inves t iga t ion  some of t h e  more in te res t ing  questions can be considered i n  de- 

t a i l ,  

The completion of t h e  present phase of study w i l l  bring 

Under c e r t a i n  conditions, t h e  plasma configuration deviates from t h e  

ideal  shape of a uniform cylinder.  

deviat ions should lead t o  a more complete understanding of the  plasma than 

i s  obtained with t h e  present methods of analysis.  

A study of t h e  nature and causes of the  

One of t h e  most i n t e r e s t i n g  deviations i s  t h e  i r r e g u l a r  plasma formation 

which occurs when a pressure of 100 ki lobars  i s  es tabl ished i n  the  water about 

t h e  i n i t i a t i n g  w i r e  before t h e  discharge begins, For t h i s  case, explanation 
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c . .  I 

i n  terms of a magnetic i n s t a b i l i t y  i s  not acceptable because t h e  mechanical 

pressure grea t ly  exceeds t h e  pinch pressure. 

t h a t  regions of hot plasma are separated from each other  by regions of cooler 

placms. F ~ r t h e r n - ~ r e ,  hnth  the hot  and cool D l a s m a s  a re  current conducting 

media. The s i t u a t i o n  strongly suggests t h e  existance of two d i f f e r e n t  phases 

with d i f f  er ent conductivity mechanisms . 

A study of photographs reveals  

The s p l i t t i n g  of t h e  100 kilobar plasma column i n t o  two columns is  an 

unusual phenomenum, The s p l i t t i n g ,  which has occurred under various experi-  

mental conditions, warrents f u r t h e r  study. 

Plasma which has no explosive confinement has exhibited occasional in-  

s t a b i l i t i e s .  

s t a b i l i t y  i n  t h e  plasma column. 

served. With no explosive, t h e  pinch pressure i s  a s igni f icant  f r a c t i o n  of 

t h e  t o t a l  pressure, and magnetic i n s t a b i l i t i e s  are not unreasonable. With 

an increase i n  t h e  r a t e  of current rise, t h e  magnetic pressure could become 

dominant, and underwater spark behavior might be changed s igni f icant ly .  

The p o s s i b i l i t y  of generating thermal neutrons has been considered f o r  

a plasma formed i n  heavy water, A t  100 kilobars,  a temperature somewhat i n  

A s m a l l  kink i n  the  i n i t i a t i n g  wire has produced a kink in-  

Also sausage i n s t a b i l i t i e s  have been ob- 

6 excess of 10 "K would be a threshold f o r  neutron production. 

from t h e  plasma would make t h e  high temperature d i f f i c u l t  t o  obtain, but 

new techniques, perhaps involving a high pressure pinch, might solve t h e  en- 

ergy lo s s  problem, The pinch pressure cur ren t ly  being produced i s  grea te r  

than t h a t  i n  t y p i c a l  thermonuclear experiments. 

Energy losses  
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